One of the main threats to human health from heavy metals is associated with the exposure to lead (Pb). In vivo X-ray fluorescence analysis (XRF) of human bone is a widely used technique to determine the total Pb body burden. The intention of this work was to study the feasibility of in vivo L-shell XRF measurements of Pb in bone using X-ray tubes as excitation sources. Parameter studies using direct tube excitation with various anode materials (Mo and W) and filters as well as different secondary targets and low Z polarizers were performed with regard to the lowest detection limits (LLD) achievable for Pb in bone matrix. A breakthrough for the development of a portable spectrometer was achieved using of an air cooled low power (50W) Pd anode X-ray tube, Mo secondary target and a Peltier cooled SDD detector. LLDs for Pb in bone were determined from measurements on a plaster-of-paris standard without overlying tissue equivalent material and found to be around 0.6 µg/g.
INTRODUCTION
Pb is known to be toxic. It is taken up into the human body by food, drinking water and inhalation and is excreted by the gastrointestinal tract and the renal system. 90-95% of the total Pb body burden is stored within the human skeleton [1] . Since the biological half-life of Pb in bone is approximately 10 years, in contrast to only 25-30 days in blood [2, 3] , bone can be seen as a cumulative Pb dosimeter for long term exposure. Moreover Pb is known to impair cell functions and change bone formation rates due to the fact that Pb competes with Ca 2+ at calcification sites. Once mobilized in times of increased bone turnover, such as pregnancy [4, 5] Pb represents an important endogenous source of exposure. Pb intoxication produces a diverse array of pathological changes in the skeleton itself and can damage the nervous system if released. Higher trace element concentrations of Pb in the organism leads to cognitive deficiencies which may be reversible for adults but seem to cause an irreversible loss of IQ for children [6] . Thus a major issue when performing studies on heavy metal exposure is the determination of Pb in human bone, which is mainly done by K-shell excitation using 109 Cd sources [7] . Since the handling of radioisotope sources in clinical applications is relatively inconvenient, parameter studies on the use of X-ray tube excitation for in vivo XRF of Pb in bone using L-shell excitation have been performed and are presented here.
PHYSIOLOGICAL BASICS AND DIFFICULTIES
Bones consist of cortical (substantia compacta) as well as trabecular bone (substantia spongiosa) and skeletal Pb is not homogenously distributed. H. Hu suggested the proximal metaphysis of the tibia for a single XRF measurement [8] . Pb is concentrated on the outer layers of the cortical bone, which justifies the L-shell approach, and shows similarities to the distribution of Zn [9, 10] . A major problem is the overlying skin and adipose which provides strong scattering radiation and attenuation of both the exciting and the fluorescence radiation. The Linear attenuation coefficient (µ) for Pb Lα in tissue has been published to be 0.475 mm -1 [11] whereas for Pb Lα the linear attenuation coefficient for skin is 1.75 times that of adipose [12] . Measurements with 109 Cd-based K-shell X-ray fluorescence of tibiae without overlying tissue showed lead values between 16.3 and 45.4 µg per gram bone material [13] .
EXPERIMENTAL SETUP
In order to compare secondary target excitation with linear polarized radiation excitation a triaxial set up (Fig. 1b) has been designed and realized. In a first experiment a rather large Al block with a Mo coated beam path (diameter 15 mm) has been attached directly to the tube window. The distances between anode and target (polarizer or secondary target) were 100 mm, between target and sample 90mm and between sample and detector 20mm. The point focus (0.4x0. Since the new block had to meet the requirements for a realistic in vivo measurement (tibia midshaft must be brought at sample position), the dimensions were as follows: beam path diameter 8 mm; anode-target 70 mm; target-sample 55 mm; sample-detector 3.5 mm. The block was made from Cu, the beam path was shielded with Mo and had a collimator of hyper pure Al ( 99,999 %) between sample and detector. For direct excitation with just filtered primary radiation a special block was designed and tested (Fig. 1a) . The dimensions can be seen in table 1. 
Polarizers
Boron carbide is a very low Z material and well suited for the polarization of Mo radiation as previously reported by Ryon and Zahrt [15] . B 4 C with 12 mm thickness, as well as carbon with a thickness of 3 mm and 6 mm respectively and HOPG (Highly Oriented Pyrolytic Graphite) with the thickness of 6 mm were compared.
Secondary Targets
For best results (lowest detection limit) the optimized combination of anode and secondary target material in respect of the element of interest has to be found. Mo (1mm thick) and Y (150 µm thick) secondary targets were used.
Filters
Filters were only used for direct excitation and not in the polarizer or secondary target measurements. The following filter materials were tested: Zr (100 µm), Mo (150 µm) and Ag (50 µm and 75 µm).
Samples/Standards
To determine which arrangement is best suitable for in vivo analysis, the achievable detection limits have to be 2-3 times lower than the concentration expected in human bone, which leads to detection limits around 1 µg/g. Simulation of skin/adipose tissue with tissue equivalent layers has to be performed. In this work 1 mm PE strips were used as tissue equivalent material. The main technical problem using overlying PE layers is the shifting of the intersection of the exciting radiation with the sample. So the fluorescence radiation is not perfect accepted by the detector. The following samples were used in this work: Animal Bone Standard Reference Material IAEA (H-5) (3.1 (±18%) µg/g Pb) powder pressed to a pellet; Orchard Leaves Standard Reference Material NIST SRM 1571 (45±3 µg/g) powder pressed to a pellet; and doped plaster-of-paris (10 µg/g), homogenized and pressed to a pellet. The International Union of Pure and Applied Chemistry (IUPAC) definition of three times the standard deviation of the predicted concentration of a low concentration sample for the lower limit of detection (LDD) has been used [16] . 
RESULTS

Comparison of polarizer versus secondary target excitation
For these first measurements the Mo coated Al block (S1) was used, which had too large distances to show good results but made clear that the use of a secondary target was superior to the polarizer, even with only bremsstrahlung of the Mo anode (40kV/30mA/1000s) to excite the Mo secondary target. The HOPG showed high-order diffraction-peaks, which complicated the analysis, even if tilted. Table 2 gives the measured results for Orchard Leaves without HOPG.
Comparison of Mo-and Y secondary target
Using S2, Mo and Y secondary target materials were compared using the Mo tube (50kV/40mA/1000s). As only bremsstrahlung from the Mo tube excites the Mo target the Y secondary target provides better results, as the energy of the absorption edge of Y is below that of Mo Kα which leads to an excitation of Y Kα but the overlay between the low energy tailing of the Y Kβ Compton peak and Pb Lβ makes the deconvolution rather difficult. Table 3 gives the results for an Orchard Leaves sample.
Comparison of Mo-and W tube excitation
To excite the Mo Kα and Kβ radiation of the Mo secondary target a W anode was used and compared with results achieved using a Mo anode. Table 4 figure 2 show the results for no overlying tissue and 1 mm of PE without correction of the previously mentioned intersection problem.
Direct excitation
The copper block (S5) for direct excitation was used with an In collimator in front of the 5 mm 2 Ketek SDD. Several filter materials were tested for filtering the primary Pd radiation (50kV/1mA/1000s). Table 6 gives the results for an Animal Bone sample and selected filters. Pb Lβ could not be reliably measured, since it is located energetically on a higher background compared to Pb Lα.
CONCLUSIONS
The combination of low power (50W-75W) Pd-anode tube with Mo secondary target in triaxial geometry using Pb-L lines, detected with a Peltier cooled SDD (50 mm 2 ), leads to detection limits of 0.6 µg/g determined by Pb doped plaster-of-paris, pressed pellets (without overlying tissue equivalent). This is roughly 5 times below expected values for average population. Due to the fact that Pb is mainly concentrated in the outer layers of the bone (cortical), the fluorescence radiation of Pb has to pass only through the overlying skin and adipose and no bonematerial. The achieved results suggest the construction of a compact and portable setup with low power tube excitation and Peltier cooled detectors. The geometric correction of the intersection point for Pb Lα
Pb Lβ various thicknesses of overlying tissue has to be considered. This setup will allow performing in vivo measurements on occupational or environmental exposed people. Laser controlled positioning of the patient prior to ultrasound measurement of the actual overlying tissue thickness will be necessary to guarantee optimal conditions. Possible overlap (As Kα: 10.532 keV; Pb Lα: 10.549 keV) requires Pb Lβ (12.611 keV) measurement. The radiation dose will be determined in final setup with Rh tube and Mo secondary target.
